During the argon-oxygen-decarburization (AOD) process high-chromium steel melts are decarburized by oxygen and inert gas injection through sidewall tuyeres and a toplance. The tap-to-tap time of the AOD process depends mainly on the time which is necessary to produce a homogeneous distribution of all required components in the melt. This mixing time is correlated to the process time. Shorter tapping times lead to a higher productivity, lower energy consumption and lower operating costs. Prior to the reduction stage, the mixing behavior influences the melting of the solid slag layer after the addition of ferro-silicon. Fast and efficient melting of the solid slag compounds is essential to attain sufficient reduction rates. Conventional approaches to experimentally investigate the mixing efficiency in aqueous models (e.g. the 95%-mixing time criterion), yield results which show a large variance concerning the mixing time for a single operating point. In the present study a novel approach for the determination of the mixing time in a water model of an AOD converter is presented and verified. The results show a lower variance and an increased reproducibility as compared to the prior measurement technique. Using these experimental results, the vessel shape and the required volume flow rate of the AOD process gas can be optimized. Furthermore, numerical simulations can be validated using the presented results. The measurement technique can be utilized in water models representing other metallurgical processes.
Introduction
During the last four decades the AOD process has been established as a reliable and efficient refining process in stainless steelmaking. Compared to other injection geometries, e.g. bottom blowing, the injection of process gases (oxygen, nitrogen, argon) through sidewall tuyeres shows advantages in mixing effectiveness.
1) The momentum of the gas jets is absorbed within a short distance from the tuyere exit, due to the large density difference between steel and gas. The buoyancy force acting on the gas phase changes the jet's trajectory into a vertical bubble column (plume). The drag force between gas and melt leads to the characteristic AOD flow pattern described by various authors. [2] [3] [4] [5] [6] Thus, the stirring energy of the argon bubbles, which are predominant during the AOD reduction process stage, is introduced into the melt. The process variables, which determine the stirring effect for a given multiphase system, are the vessel and tuyere geometry, the number of tuyeres, the angle between the tuyeres, the melt capacity and the volume flow rate. Increased stirring leads to shorter mixing times, more efficient slag melting during reduction stage, and an increase in productivity, but also to higher vessel oscillations.
Wei and his coworkers [7] [8] [9] [10] carried out several water model studies on the influence of different tuyere geometries (annular tube type with and without spiral flat), the angle between the tuyeres, the number of tuyeres and the volume flow rate on mixing time. Furthermore, they calculated the stirring energy transferred to the liquid phase by the gas jets and the bubble column. Wei obtained a dimensionless correlation between the reciprocal Strouhal number and the modified Froude number.
Ternstedt et al. 11) investigate the mixing time in two different water models of an AOD converter. The authors vary the volume flow rate, the bath height and the vessels' diameter. The dimensionless correlation which is used in this study is a relation between the reciprocal Strouhal number and, contrary to Wei et al., the Reynolds number. Fabritius et al. 12) performed a physical modeling study on a 1:7 scale water model. They analyzed the mixing time and the mixing power as a function of volume flow rate.
All studies have in common, that salt solutions are used as tracer and subsequently conductivity measurements are carried out to determine the mixing time. The entire amount of the tracer is injected into the water as a single pulse. The mixing time of the typical response function is defined as the time when the response signal reaches 95% and 98%, respectively of the final mixing concentration. The use of a salt solution and the related local density differences in the water cause convection, which is suspected to superimpose and change the flow field. 13) In order to prevent these interferences, food coloring is used as a tracer in the present study. The difference between the densities of the food coloring and water are within a range of ± 1%. Regarding reproducibility, the measurement technique leads to a relatively high variance of the determined mixing times. 8, 9) Wei 8) performed up to four measurements per parameter. The ratio between the standard deviation of the measurements and the average mixing time for one parameter is equal to values up to 20%. 8) To obtain reliable statistical results, many trials per investigated point are necessary.
In this study a new approach to determine the mixing time in water models is presented. Contrary to the described literature, the tracer is injected continuously into the system. The distribution of the tracer is detected by a photometer, which measures the absorbance of the fluid passing the probe volume. Bouchard et al. 14) use a similar method to determine the residence time distribution curves in a water model of a twin roll strip caster. The analysis of the response function allows a reliable evaluation of the mixing time. The variance of the analyzed mixing time is reduced. The aim of the present study is to determine the mixing time for different fill levels and volume flow rates. The investigated pairs of fill levels and flow rates are defined as operating points. A presentation in terms of dimensionless numbers enables a transfer of the results to other water model geometries, as well as industrial scale AOD converters. Furthermore, operating points with a short mixing time can be identified, that can be used to optimize the AOD process. Figures 1 and 2 show the experimental setup used for the determination of the mixing time. The 1:4 scale vessel is made of acrylic glass. The geometry is based on the required geometric similarity to an 120 ton AOD-converter. The seven sidewall tuyeres are arranged in a horizontal plane. They are adjusted radially towards the centerline at an angle of αn = 18° between each tuyere, as sketched in Fig. 3 . A compressor followed by a pressure-reducing valve provides a constant volume flow rate of the air. The volume flow rate can be controlled by a flow meter, whereby each tuyere is equipped with a metering valve. A blue, concentrated and water-soluble food coloring is used. The maximum of the absorbance spectrum is located at a wavelength of λcoloring = 630 nm. The food coloring is injected into the system by a flexible-tube pump, which provides a constant volume flow rate of tracer liquid over the measurement time. The vessel geometry and process data is presented in Table 1 . A photometer is used to measure the absorbance of the fluid flowing through the probe volume using a photosensitive cell. The analyzed wavelength is adjustable and is set in this case to λcoloring = 630 nm. A beam of light with a predefined intensity is conducted by a fiber-optic cable. After exiting the fiber-optic, the light shines through the probe volume. After a distance of 10 mm, a mirror reflects the light. After the secondary passage through the probe volume the light is conducted by a second fiber-optic cable to a photosensitive cell. By comparing the intensity of the initial to the reflected light, the photometer converts the signal into an electric current, which is proportional to the absorbance. A calibration procedure has been carried out to obtain the relation between measured absorbance and the concentration of the coloring. The positions of the coloring injection point and the probe are sketched in Fig. 3 . The distance between the point of detection and the vessel wall is set to 70 mm. The measurement data is logged by a data acquisition system and a PC. The measurement frequency is set to 5 Hz. The Particle-Image-Velocimetry (PIV) is used to visualize the two-dimensional velocity field in the symmetry plane of the water-model. The PIV system consists of a Nd-YAG Laser with a pulse energy of EL = 200 mJ and a wavelength of λL = 532 nm. A light sheet optic is used to illuminate a plane in the water model, where the flow pattern is to be analyzed. Two CCD cameras with a resolution of 2 000 × 2 000 pixels record the images of the particle patterns in the plane. These two cameras enlarge the optical accessibility of the water model, in order to visualize the whole flow profile in the symmetry plane at once. When the light-sheet reaches the bubble columns, a large portion of the light is scattered at the phase boundary between water and air. Filters with a cut-off wavelength of λcut-off < 540 nm are used to avoid the exposure of the sensitive camera chips to the scattered light. Polyamide particles doped with Rhodamine B are used as tracer for the PIV measurements. The maximum of the fluorescence spectrum of Rhodamine B is in the range of λRhodamine = 584 nm, which is > λcut-off. Thus, only the fluorescence wavelength of the particles passes the filters and subsequently, the pictures show the particle patterns without the disturbance of the scattered light. The experimental setup for the PIV measurements is shown in Fig. 4 . The technical data of the PIV facility is given in Table 2 .
Physical Simulation

Experimental Setup
Evaluation of Mixing Time for Continuous Tracer
Injection The food coloring injection and the data logging system are started, after the flow field in the AOD vessel has reached a quasi-stationary state. Figure 5 shows a typical plot of the measured photometer signal with respect to the measurement time. It takes several seconds before the first bulk of coloring reaches the probe and subsequently the photometer measures values beyond c = 0 mlcolor/lwater. After this time delay, the slope of the concentration curve increases until it remains almost constant. After the color injection is stopped, the concentration further rises up to a final and constant concentration cmax. The corresponding time tstop has to be logged. The entire measurement ends after the signal reaches cmax. The measured data is analyzed as follows as sketched in Fig. 6 :
The range of the plot used for the determination of the mixing time is the linear part (cf. Fig. 6 , lower boundary < t < upper boundary). The upper boundary of the linear part is given by tstop. When the slope of the signal reaches the linear range, the corresponding time is defined as the lower The distance between the point of coloring injection and the photometer probe should be large enough in order to ensure that the plots of the theoretical and the measured concentrations do not intersect each other. Otherwise the presented experimental technique would not be applicable.
Similarity Considerations and Measurement Program
The investigated parameters in the present study are volume flow rate V · and fill level Hf. The parameters have to be considered in their dimensionless form to enable a transfer to other water models or AOD converter geometries. The movement of the gas plume depends on the equilibrium of buoyancy, gravity, and inertia forces. Therefore, the jet injection is characterized by the modified Froude number, which is commonly used in literature as a criterion to reach kinematic similarity between AOD converters, prototypes and water models. The volume flow rate can be expressed in terms of the Froude number in a dimensionless manner. Gas density and velocity at the tuyere exit have to be calculated in terms of gas dynamics, as the flow in the tuyere exceeds Ma > 0.3.
15)
The fill level is expressed in terms of the ratio between fluid height Hf and vessel diameter D1. The operating ranges for both parameters are presented in Table 3 . As a design of experiment technique Latin Hypercube Sampling 16, 17) (LHS) is used in order to reach a smooth response contour plot, whereby the statistical reliability of the determined values is also ensured. As a result of these considerations a total number of 55 experiments are performed.
Results and Discussion
Preliminary Tests
In preliminary tests carried out for the present study mixing time measurements were done in the water model, In these preliminary tests τ95% was determined for 8 different fill levels. Each fill level was tested five times. The results of these tests are shown in Fig. 8 . They show a variance of up to 60% in relation to the respective average values for a single fill level. Thus, many measurements per parameter have to be carried out, in order to ensure a statistically reliable value. One reason for the large deviation of the mixing time using a single tracer pulse is the transient character of the flow field in the water model. Figure 9 shows PIV measurements of the flow field in the symmetry plane of the 1:4 scale model for three different time steps. The flow pattern with randomly distributed vortices leads to a highly stochastic dispersion of the tracer. Qualitative observations during the mixing time experiments also confirm this hypothesis. The time-dependent and spatial dispersion of the tracer is different for each experiment.
Applicability of the Measurement Setup
In a first step the applicability of the measurement method was tested. Four experiments defining the minima and maxima of the operating range and additionally the design point of the water model were carried out, as sketched in Fig. 10 . Five experiments for each of these operating points were performed and evaluated statistically. In order to ensure the comparability of the experiments' variations, the deviations (var) are normalized according to Eq. (6). The average mixing time τmean and the related variances are presented in Fig. 10.   ................................ (6) var Variation of the mixing time σ Standard deviation of mixing time in s Figure 11 shows the raw data of the five tested operating points. The numeration corresponds to the numbers of the operating points in Fig. 10 ISIJ International, Vol. 52 (2012), No. 10 24.1 s for the entire range of measurements. Compared to the preliminary experiments the variation is reduced remarkably (cf. Fig. 8.) . The variations for the impulse coloring injection presented there are between 20% and 60%. The presented tests show that the advanced method is able to calculate reproducible mixing times with low variations.
Comparing τ95% and τmean, the latter describes the time when the areas highlighted in grey in Fig. 7 have the same size. The time at the position where both areas intersect is τmean. The correlation between both mixing times has as yet not been evaluated. However, at this present time it can be pointed out, that τmean is a characteristic variable which describes the mixing behavior of the system. As shown before, due to the continuous tracer injection the variance obtained using τmean is remarkably reduced compared to the evaluation of mixing time using τ95%.
Response Contour of Mixing Time
As a design of experiments technique, LHS is used to define 50 measurement points within the operating range. Due to the fact that two parameters are varied (Frm and Hf/D1), a response contour plot of mixing time as a function of the modified Froude number and the height-to-diameter ratio can be calculated. A linear regression analysis is performed in order to obtain a mathematical relation between the input parameters and the average mixing time. The five operating points described in section 3.2 were added to the 50 datasets. Thus, the total amount of 55 analyzed operating points is used in the regression analysis. Four polynomial models (1 st to 4 th order) have been tested to achieve the best fit. The coefficients of determination (R 2 -value) of the four tested models are shown in Table 4 . The R 2 -value of the 4 th -ordermodel was just 2% better compared to the cubic model. To reduce the possibility of over-fitting and to keep the model as simple as possible the cubic model has been chosen to approximate the raw data. Equation (7) Figure 12 shows the response contour plot obtained by means of the cubic model. Regarding the Froude number, there is a decrease in mixing time with higher Froude numbers and higher volume flow rates, respectively. This tendency is already described in the literature. [7] [8] [9] [10] [11] [12] The tendency with respect to the Hf/D1-ratio (fill level) shows a channel-shaped minimum in the range of 0.70 and 0.75, which appears for the entire range of investigated modified Froude numbers. The white line in Fig. 12 illustrates the local minima in the described region. This can be regarded as an optimal Hf/D1-ratio for the design of AOD vessels.
Conclusions
The mixing time in a water model of a side-blown AOD converter has been determined. A novel approach to determine the mixing time using a continuous tracer injection has been tested and evaluated. Food coloring is used as tracer. The mixing is quantified by absorption-photometer technique. The volume flow rate and the fill level are varied and their influence on mixing time is successfully evaluated.
(1) Food coloring is a reliable tracer for mixing time experiments in water models. Contrary to salt solutions there is no influence of the coloring density on the water flow. Thus, convection effects caused by the tracer can be neglected.
(2) The variances in mixing time obtained with continuous tracer injection are reduced remarkably compared to the impulse injection method. Furthermore, the described setup can be used in water models of any kind as well (EAF, BOF, Ladle).
(3) With increasing modified Froude number (increasing volume flow rate), the mixing time decreases.
(4) There is an obvious dependence of mixing time on the variation of the Hf/D1-ratio (fill level). The response contour plot shows a channel shaped minimum of mixing time in the range of 0.7 < Hf/D1 < 0.75. This can be regarded as an optimal Hf/D1-ratio for the design of the AOD water model. However, for the variation of the Hf/D1-ratio the fluid height Hf was varied and D1 was given by the fixed geometry of the water model. Further investigations regarding a variable vessel diameter D1 would have to be carried out to prove the above mentioned hypothesis.
(5) The results can be used to validate numerical simulations of the mixing behavior in water models. In a further step, the numerical models can be adopted to be applied for an actual AOD process (steel/slag/gas). These simulations can then be used to prove whether the described minimum in mixing time in the range of 0.7 < Hf/D1 < 0.75 is independent of the investigated multiphase system. This task is the challenge to be addressed in future work.
